background: Preterm birth and other pregnancy complications have been linked to maternal stress during pregnancy. We investigated the association between maternal exposure to severe life events and risk of preterm birth.
Introduction
Preterm birth is a pregnancy complication with significant healthcare implications; in 2004, 12 .8% of all births in the USA were preterm (National Centre for Health Statistics, 2006) and recent figures showed that 1.3% of all deliveries in the UK (approximately 10 000 births p.a.) occur before 32 weeks' gestation (Department of Health, 2007) when mortality and morbidity is most severe. In the UK, 75% of neonatal deaths, and the majority of neonatal intensive care admissions, are from these preterm babies (Lopez, 2001; Slattery and Morrison, 2002) . In some industrialized countries, particularly the USA, the preterm birth rate has remained high over the past 20-30 years; indeed, there is a small upward trend (Goldenberg and Rouse, 1998; Tucker and McGuire, 2004 ; National Centre for Health Statistics, 2006) . However, this increase in preterm births rate has been in part attributed to obstetric interventions such as induction of labour (Thompson et al., 2006) .
Several psychosocial stressors, such as pregnancy-related anxiety (Orr et al., 2007) , stressful life events (Wadhwa et al., 1993) , distress (Rondo et al., 2003) , death of husband (Cepický and Mandys, 1989) and low self-esteem (Copper et al., 1996) or optimism (Rini et al., 1999) , have been investigated as potential risk factors for preterm birth. Although the majority of researchers have reported a significant association between preterm delivery and maternal stress (Hedegaard et al., 1993; Wadhwa et al., 1993; Copper et al., 1996; Nordentoft et al., 1996; Lobel et al., 2000; Dole et al., 2003; Rondo et al., 2003) , other studies have questioned the association (Cepický and Mandys, 1989; Pagel et al., 1990; Perkin et al., 1993; Peacock et al., 1995) . There are several potential explanations for such conflicting conclusions, including poor definitions of stressors and inadequate sample size, which may have influenced the results of previous studies. Additionally, we have recently reported an association between maternal exposure to severe life events during or in the 6 months before pregnancy and reduced infant birthweight and increased risk of SGA (Khashan et al., 2008) . Precht et al. (2007) reported an association between severe life events in the year preceding pregnancy and risk of SGA in babies born before 32 gestation weeks (Precht et al., 2007) .
In this study, we used the Danish national registers to evaluate the association between antenatal maternal exposure to severe life events (death and serious illness) in close relatives and the risks of preterm birth (delivery at ,37 weeks' gestation), very preterm birth (delivery at ,33 weeks' gestation) and extremely preterm birth (delivery at ,29 weeks' gestation). We chose to define exposure to severe life events as death and serious illness in close relatives as these were events that could be measured objectively in the registers. We hypothesized that risk of preterm birth would be increased in mothers who were exposed to severe life events antenatally. We also explored the effect of timing of exposure during pregnancy and preconceptionally on risk of preterm birth.
Materials and Methods
All women who gave birth to live singleton babies in Denmark between 1 January 1979 and 31 December 2002 (n ¼ 1 439 122) were identified using the Medical Birth Register (Knudsen et al., 1998) . For the main analyses, mothers with a previous preterm baby were excluded because history of preterm birth is one of the main predictors of consequent preterm birth (Vause and Johnston, 2000) . By means of the Civil Registration Number, we linked mothers to their close relatives, i.e. fathers, mothers, siblings, partners and older children (excluding stillbirths). We had access to information on older children who were born on or after 1 January 1973 only. Partner was defined as the legal father of the offspring. The Civil Registration Number is unique and enables linkage between all Danish national registers. To determine if and when any of the close relatives had died, we linked these relatives to the Civil Registration System (Pedersen et al., 2006) . We also linked relatives to the National Hospital Register (Anderson et al., 1999) , to identify any diagnoses of acute myocardial infarction, cancer or cerebrovascular accident. We conducted a separate analysis in which only mothers with history of preterm birth (previous baby only) were included.
We defined maternal exposure as experience of a death or diagnosis, for the first time, of cancer (ICD-8 codes 140-207 and ICD-10 codes C00 -C97), acute myocardial infarction (ICD-8 code 410 and ICD-10 codes I21 and I22) or cerebrovascular accident (ICD-8 codes 431, 433, 434 and ICD-10 codes I61, I63, I64) in one or more of the mother's close relatives up to 6 months before conception or during the first two trimesters of pregnancy. The date of conception was calculated from the date of birth and the recorded gestational age at birth. We defined date of first maternal exposure as date of death of the relative or the date of their first admission to hospital which led to diagnosis of the illness. Date of first exposure was further classified into three periods: up to 6 months before pregnancy; first trimester (0 -12 weeks) and second trimester (13-23 weeks). Mothers were considered exposed if they had links to all close relatives, and at least one relative died or was diagnosed with a relevant illness during the exposure period. They were considered unexposed if they had links to all close relatives and none of them was diagnosed with a relevant illness or died during the exposure period. If more than one exposure event occurred during the same pregnancy, priority for classification was given to the earliest event.
Mothers who were not living at the same address as their parents when the Danish Civil Registration System was established in 1968 had no links to them in this data source and subsequently had no links to their siblings either. A small proportion of women had missing links to their partners. The main source of this missing link to spouse is the death of the child shortly after birth (stillbirth or neonatal death). Therefore, it is anticipated that children of mothers who had no links to their partners would have very high risk of preterm birth, very preterm birth and extremely preterm birth. For the purpose of sensitivity analysis, subjects with missing exposure data were grouped in a separate category.
Gestational age was based on the last menstrual period (LMP), however, it was often corrected by ultrasound measurements, mainly for the most recent period (Pedersen et al., 2007) . A recorded gestational age of ,23 or .44 weeks was considered erroneous, and so these births were excluded from the study. We also excluded offspring of mothers who were exposed in the third trimester. Three measures of preterm birth were investigated in relation to maternal exposure to severe life events (Tucker and McGuire, 2004) ; (i) preterm birth, defined as a gestational age ,37 weeks; (ii) very preterm birth, defined as a gestational age ,33 weeks and (iii) extremely preterm birth, defined as any gestational age ,29 weeks. The risk of preterm birth in the exposed group was defined as the number of preterm births divided by the total number of births in the exposed group. Similarly, very preterm and extremely preterm birth risks were defined as number of very preterm or extremely preterm births divided by the total number of births in each group.
Statistical analysis
Stata Software (Stata Reference Manual, 2003) was used for all statistical analyses. Log-linear binomial regression (Robbins et al., 2002) was used to estimate the relative risks (RRs) of preterm, very preterm and extremely preterm birth. When convergence was not achieved (a recognized problem with this model), log-linear Poisson regression with 'robust' variance estimation was used to generate the equivalent risk ratio (Zou, 2004) . For each preterm birth measure, RRs were estimated in relation to exposure to: (i) severe life events (death and/or illness) in any relative; (ii) illness in any relative; (iii) death of any relative and (iv) severe life events in each relative separately. When we analysed severe life events in each parent separately, we excluded offspring of women who had no links to that parent or whose parent had died or emigrated from Denmark before the beginning of the exposure period. For the analyses of siblings and older children of the pregnant mother, we excluded offspring of women who had no siblings or older children, respectively. RRs were adjusted for maternal age, year of birth of the offspring, parity, maternal history of diabetes and maternal history of hypertension, acute myocardial infarction and renal disease (at the time of birth). In addition, analyses of severe life events in siblings were adjusted for number of siblings. In a separate model, we adjusted for maternal smoking as recorded during the first antenatal visit (available for the years 1991 -1996 only) in addition to the other variables. To explore the potential effect of gestational age misclassification on the results, we restricted the data to those who were born between 1991 and 1996 when there was a variable indicating whether the women were certain about the LMP or not. Also, we analysed the data after excluding infants who were implausibly large for the recorded gestational age (if birthweight was .1500 g and gestational age ,29 weeks or if birthweight was more than 2800 g and gestational age between 29 and 33 weeks) (Khashan et al., 2008) .
The potential impact of exposure to severe life events during the third trimester was not studied because, in this type of analysis, the RRs would have been biased downwards due to an inbuilt tendency for a negative correlation between the probability of exposure between 24 weeks and birth and preterm birth.
The Danish Data Protection Agency and the Danish National Board of Health gave permission to conduct this study.
Results
During the study period , there were 1 439 122 singleton live births. After excluding those with missing gestational age (n ¼ 47 197), history of preterm delivery (n ¼ 28 324) or exposure during the third trimester (n ¼ 11 990), the final cohort consisted of mothers of 1 351 611 babies of which 1 022 402 (75.6%) had exposure data. Mean gestational age of the cohort was 39.6 weeks. Table I presents the distribution of the three preterm birth measures, sex of baby, maternal age and history of diabetes, hypertension and renal disease and parity in relation to exposure status. During the study period, there were 58 626 preterm babies (4.34%), 11 732 very preterm babies (0.87%) and 3288 extremely preterm babies (0.24%). Mothers of 36 199 babies (2.65%) were exposed to severe life events during the exposure period (18 919 before pregnancy, 8586 in first trimester and 8694 in second trimester).
The exposed mothers appeared to be older, had higher parity and were more likely to have a history of diabetes and were slightly more likely to have a history of hypertension or renal disease (Table I ). The RR of preterm birth was slightly elevated in relation to severe life events (adjusted RR ¼ 1.09, [95% CI: 1.04-1.14]). However, the RR of preterm birth appeared to be higher when the severe life event took place in the 6 months before pregnancy (adjusted RR ¼ 1.16, [95% CI: 1.08-1.23]) (Table II) . RRs were the same whether the event was the death of a relative (adjusted RR ¼ 1.16, [95% CI: 1.06-1.27]) or an illness in a relative (adjusted RR ¼ 1.16, [95% CI: 1.07-1.27]) in the 6 months before conception (Table III) . There was no significant association between risk of preterm birth and maternal exposure to any severe life event during the first (RR ¼ 1.03) or second trimesters (RR ¼ 1.01).
We also investigated the association between maternal exposure to severe life events and the risk of very and extremely preterm birth. The estimates do not support an association between maternal exposure to severe life events during the exposure period and risk of very or extremely preterm birth. Moreover, we restricted the cohort to the period 1991-1996 where smoking information was available. Analyses of this subgroup suggest that smoking was a risk factor for preterm birth. However, the RR of preterm birth in relation to severe life events in the 6 months before conception was not affected by adjustment for smoking, being 1.10 (95% CI: 0.98 -1.24) without adjustment for maternal smoking and 1.09 (95% CI: 0.97 -1.23) after adjustment. This analysis suggests therefore that, in the whole cohort, smoking was unlikely to have confounded the association between severe life events and risk of preterm birth. When the data were restricted to births between 1991 and 1996 (n ¼ 384 472), it appeared that mothers of 84.7% of the offspring were 'certain' of their LMP, 11.6% were 'uncertain' and 3.7% had missing gestational age. However, 15.2% were uncertain when the data were restricted to very preterm birth. The RR of preterm birth in relation to severe life events in close relatives was 1.05 (95% CI: 0.97 -1.15). When the data were restricted to those who were certain about their LMP, the RR was 1.04 (95% CI: 0.94-1.14).
When we excluded infants with implausibly large birthweight for the recorded gestational age (n ¼ 1194), the results did not change materially (data not shown). Mothers of 24.4% of the offspring had missing links to at least one relative, mainly parents of the mothers. Mothers of 0.87% offspring had no links to their partners. Those women tended to be older and more likely to have given birth in the early periods of the cohort. Tables II and III show that women with missing relatives were at significantly higher risk of preterm birth, very preterm birth and extremely preterm birth.
Type of exposure
We estimated the RRs of preterm birth and very preterm birth in relation to severe life events in fathers, mothers, siblings, partners and older children individually. There was a significant association between risk of preterm birth and severe life events in fathers (1.07 [95% CI: 1.02-1.13]), but not in mothers, partners and siblings (Table IV) Models were adjusted for year of birth, parity, maternal age, maternal history of diabetes and maternal history of hypertension, AMI and renal disease. a Unexposed to death of any close relative. b Unexposed to illness in any close relative; c A total of 5556 persons were dropped because they were exposed to death of a close relative in the third trimester; d 7469 persons were dropped because they were exposed to serious illness in a close relative in the third trimester.
the differences in risk between these categories were small, and events in fathers accounted for the majority of the serious events. The association between maternal exposure to death or illness in an older child and risk of preterm birth and very preterm birth are shown in Table V ; we were not able to estimate the RR of extremely preterm birth due to the small number of exposed cases. This comparison was restricted to mothers who had a previous baby (born in 1973 or later) which was full-term (n ¼ 600 259). There were two reasons behind this restriction; firstly, any pregnant woman needs to have an older child in order to have the possibility of being exposed to severe life events in older child. In the restricted cohort, every woman was at risk of exposure to severe life events in older children. Secondly, in the whole data set, women who were having their first baby were at higher risk of preterm birth compared with those who had previous full-term baby (RR ¼ 1.53, [95% CI: 1.45 -1.59]).
The estimates suggest that the risk of preterm birth in mothers who experienced severe life events in older children in the 6 months before conception was elevated by 23% (adjusted RR ¼ Severe life events in older children among mothers with history of preterm birth
We estimated the effect of maternal exposure to severe life events in older children on risk of preterm birth, very preterm birth and extremely preterm birth in the current pregnancy among women who had preterm delivery the last time they were pregnant. This analysis was planned at a latter stage as an attempt to replicate the previous results for exposure to severe life events in older children in mothers with no history of preterm birth. The logic of this extra analysis was that since children born preterm have an increased mortality, one might speculate that women with a tendency to have preterm delivery more often would experience bereavement of a child during subsequent pregnancies, thus introducing bias. Moreover, women who had previous preterm birth are at higher risk of preterm birth. Our analysis restricted to those with a history of preterm birth takes this possibility into account. The cohort consisted of 28 271 women whose previous baby was preterm, of which 27 465 were unexposed during the current pregnancy, and 796 were exposed to severe life events in older children (769 in the 6 months before conception, 17 in the first trimester and 10 in the second trimester). Mothers of 10 offspring were exposed in the third trimester but these were dropped from the statistical models, i.e. the final cohort was 28 261. There was a significant association between maternal exposure to severe life events in older children in the 6 months before conception and preterm birth (adjusted RR ¼ 
Discussion
This study found that antenatal maternal exposure to severe life events is associated with a modest increase in the risk of preterm birth. We found that maternal exposure to severe life events in close relatives during the 6 months before conception slightly increased the risk of preterm birth but not of very or extremely preterm birth. In the group where the older children had not been born preterm, maternal exposure to severe life events in older children in the 6 months before conception was associated with risk of preterm birth and very preterm birth. An especially high risk of very preterm birth was found in women who experienced severe life events in older children in the first trimester, although outcome data were sparse for this particular analysis. Among mothers whose previous baby was preterm, severe life events in the 6 months before conception were significantly linked with preterm, very and extremely preterm birth. No significant association was observed following exposure to severe life events in mothers, siblings and partners, although there was a small, yet significant, association with severe life events in fathers. These severe life events may have evoked a lesser degree of maternal stress, as compared with severe life events in children. Such a finding would be consistent with the diagnostic criteria of the American Psychiatry Association; death of a child is classified as a catastrophic stressor while death of spouse is classified as an extreme stressor (American Psychiatry Association, 1987) . This is also consistent with previous studies which reported significant associations between maternal exposures to severe life events in older children and risk of congenital malformations (Hansen et al., 2000) and SGA in very preterm babies (Precht et al., 2007) .
Previous studies have investigated the effect of antenatal maternal stress on risk of preterm birth (,37 weeks); we aimed to investigate the effect on risk of preterm, very preterm and extremely preterm birth. We restricted the definition of severe life events to severe and objective events, which are rare, to secure a robust definition of severe life events. We believe such events would probably cause a high degree of stress in any person. However, we cannot rule out the possibility that less catastrophic and more common events (such as work related and financial problems) may also increase the risk of preterm birth. We were able to identify the timing of the event, during and before pregnancy.
Our findings are consistent with the majority of literature on preterm birth and maternal exposure to psychosocial stress. Dole et al. (2003) reported an increased risk of preterm birth among mothers who reported adverse life events, perceived racial discrimination and high levels of pregnancy-related anxiety (assessed between weeks 24 and 30). Copper et al. (1996) used a continuous measure of stress (4-point scale) and reported a 16% increase in risk of spontaneous preterm delivery, for each 1-point increase on the scale, among women who perceived their life during pregnancy to have been stressful (assessed between gestation weeks 25 and 29). Nordentoft et al. (1996) reported a 14% increase in risk of preterm birth in women who experienced stressful life events (assessed around 20 weeks' gestation) during pregnancy (5-point continuous measure of stress). Other researchers (Pritchard and Teo, 1994 ) measured household strain and stress at the 20th and 30th week of pregnancy. The authors reported an increased risk of preterm birth among women who were classified as having high strain of the household role on both measurements. However, there was no significant relationship between stress and preterm birth. These studies did not investigate the effect of timing of exposure on risk of preterm birth; they assessed maternal stress only once during pregnancy.
Other investigators (Hedegaard et al., 1993; Rondo et al., 2003) reported more than 2-fold increased RR of preterm birth among mothers who were exposed to maternal distress (12-item General Health Questionnaire [GHQ] ) during the third trimester. However, in contrast to the results of our study, they found no significant association between maternal distress during the early stages of pregnancy (at the 16th week) and risk of preterm birth.
The RRs of preterm and very preterm birth that we observed in women with history of preterm birth in relation to severe life events in older children were consistent with the results of a recent study (Dayan et al., 2002) . In a similar population, Dayan et al. found that maternal anxiety and depression evoked an almost 5-fold increase in risk of spontaneous preterm labour.
In contrast, Peacock et al. (1995) found no significant association between anxiety score and preterm delivery. However, women who reported 'trouble with nerves and depression' had a 2-fold nonsignificant elevation in risk of preterm birth. Perkin et al. (1993) reported a non-significant association between depression and anxiety (GHQ) during pregnancy and risk of preterm birth.
Despite being the largest population-based epidemiological study to investigate the association between risk of preterm birth and antenatal maternal exposure to severe life events, there were several limitations to this study. We could not adjust for maternal socioeconomic status (SES) which is a potential confounder of the association between maternal stress and preterm delivery. It is plausible that low SES mothers have larger family sizes (Wagner et al., 1985) with higher rates of morbidity and mortality, and therefore are more likely to be exposed; for example McFadden et al. (2008) reported an increased risk of all-cause mortality, mortality from cardiovascular disease and mortality from cancer with decreasing social class, and Blakely et al. (2003) found an association between low SES and child mortality. Furthermore, risk of preterm birth is increased in low SES mothers (Steer and Flint, 1999) . Recently, risk of preterm birth in the Danish and Norwegian populations was reported to have an inverse association with level of education (Thompson et al., 2006; Morgen et al., 2008) . Morgen et al. (2008) , however, found no association between risk of preterm birth and other SES indicators such as household income and parental occupation. Adjustment for family size in our study probably accounted for part of the potential confounding effect of SES but not all of it. Moreover, educational level is associated with the accuracy of gestational age (Howards et al., 2006) and the number of preterm births in the Medical Birth Register of Norway is expected to be considerably smaller than suggested, due to misclassification of gestational age (Gjessing et al., 1999) . Kristensen et al. (1996) assessed the validity of gestational age in the Medical Birth Register and the National Hospital Register using 1982-1987 data. They reported an 87% agreement between the two registers when gestational age was measured in weeks. However, some research has suggested that misclassification of gestational age varies by gestational week (Gjessing et al., 1999; Haglund, 2007; Wingate et al., 2007) . Thus, the present results could be confounded by level of education, and other indicators of SES, as these indicators are associated with risk of mortality and serious illness in the relatives and at the same time associated with risk of preterm birth. We were also unable to adjust for the potential confounding effect of maternal drug and alcohol intake.
Although the study was population-based, we were unable to investigate the effect of death of an older child on risk of extremely preterm birth due to sparse event data (a problem caused by the rarity of the exposures and outcomes). One further limitation was the fact that we could not investigate the effect of severe life events during the third trimester on the outcome measures.
Mothers of 24% of the offspring had missing links to at least one relative mainly parents of the pregnant mother. The RRs of preterm birth, very preterm birth and extremely preterm birth were significantly increased in mothers with missing relatives.
The highest risks were associated with missing partners; for example, the RR of extremely preterm birth was increased to 1.20 in relation to missing links to parents or siblings and increased to almost 13 in relation to missing partners. This increase was expected because the main source of missing links to partners was early death (stillbirth or neonatal death) of the infants and stillbirth and neonatal deaths are highly correlated with preterm birth (Tucker and McGuire, 2004) . Missing links to partners were not expected to bias the results because they were grouped in a separate category and they represent a small percentage (,1%) of the cohort. Pregnant mothers had links to all their older children (who were born on or after 1 January 1973) therefore the issue of missing links should not affect the results related to death of an older child.
The effect of the timing of exposure that we observed in this study is consistent with the results of two recent studies which reported an association between severe life events in the 6 months before pregnancy and reduced birthweight (Khashan et al., 2008) and risk of SGA in very preterm babies (Precht et al., 2007) . There are several potential mechanisms that may account for the association between maternal stress during the 6 months before conception or during the first trimester and a higher risk of preterm birth. It has previously been suggested that increased levels of epinephrine, as a consequence of stress, reduce blood flow to the fetus. It is plausible that severe stress may increase epinephrine levels which in turn precipitate preterm labour (Lobel et al., 1992) . Maternal stress may also affect risk of preterm birth by increasing levels of pituitary hormones such as oxytocin. High levels of oxytocin later in pregnancy may cause preterm uterine contractions and trigger preterm delivery (Wadhwa et al., 1993) . Moreover, it has been reported that the uterus of pregnant women who give birth to preterm babies appear to be more sensitive to oxytocin than women who give birth to full-term babies (Paarlberg et al., 1995) . In addition, antenatal maternal stress may increase risk of preterm birth by changing maternal habits, such as increased consumption of tobacco and alcohol, poorer diet and use of drugs.
While the effect of severe life events on the risk of preterm birth was modest, the findings remain significant. Firstly, the etiology of preterm birth remains poorly understood and these findings suggest the possibility of several causative mechanisms worthy of further investigation. Moreover, while the effect is relatively modest, preterm birth remains the single largest contributor to perinatal mortality in the developed world. Consequently, even a moderate effect at a population level can contribute significantly to morbidity and mortality.
In conclusion, the present study suggests that severe life events may play a role in increasing the risk of preterm birth. It also suggests the timing of the exposure is crucial to the provocation of preterm birth as the effect is only present with pre-pregnancy and first trimester exposure. It is possible that the effects are mediated by an alteration in the uterine environment early in fetal/placental development.
